Molecular diversity within six viroid species and different molecular variants, in each species infecting fruit trees was first estimated by the single-strand conformation polymorphism (SSCP) technique and then by direct sequencing analysis. The different variants studied are to three Australian grapevine viroids(AGVd), four citrus dwarfing viroids (CDVd), eleven grapevine yellow speckle viroids type-1 (GYSVd-1), four hop stunt viroids (HSVd), seven peach latent mosaic viroids (PLMVd), and eight pear blister canker viroids (PBCVd). Polyacrylamide gel electrophoresis (PAGE) conditions were compared and optimized to improve the sensitivity of the existing SSCP parameters. The relationships among the various SSCP profiles observed and the variation in nucleotide sequences was studied. The results indicate that the variations of some parameters of electrophoresis for each species allowed higher resolution and hence detection of single nucleotide variations among clones initially clustered into the same group.
The Tunisian fruit tree industry is of paramount importance in the economic and social life of the country. It takes up 40% of the arable land and accounts for about one third of the total value of national agricultural production. Tunisia produces yearly about 6,500,000 grafted plants, of which 1,620,000 are vines, 900,000 are pomes fruit and 305,000 are citrus. In order to improve the sector, the government has set up a strategy for the production of certified materials.
Viroids have unique structural functional and evolutionary characteristics. They are composed of a small, single stranded, circular RNA, non protein-coding, with autonomous replication. 1, 2) Despite this genomic simplicity, they are able to induce sometimes devastating symptoms in susceptible plants. Viroids of fruit trees are plant pathogens distributed worldwide that can cause severe losses and economic damage to crops. Most of the described viroid species fold into a rod-like or quasi-rod-like structure, whereas a few of them fold into branched structures. The shapes of these RNA structures are perhaps one of the most characteristic properties of viroids and sometimes are considered to be their only phenotype.
3) Viroids, like other RNA genomes, have a potential for high genetic diversity 4) due to the absence of proofreading activity in the RNA polymerases, as well as their large population and rapid replication. 5) Based on this, a model in which the replication of RNA genomes generates a population of mutant sequences, termed quasi-specie that vary around a consensus sequence has been proposed. 6) Many studies have indicated that a change of a few nucleotides or even one nucleotide in viroid genomes can change dramatically their virulence to the host. 7, 8) Therefore, it is necessary to develop a highly sensitive technique to understand the relationships of molecular and structural variation among viroids and their virulence.
The single-strand conformation polymorphism (SSCP) is widely used for the detection of small sequence changes and of point mutations due to its rapidity, simplicity, and generally its high sensitivity. 9) Under non-denaturing conditions, ssDNA has a folded structure that is determined by its nucleotide sequence. Sequence changes as small as single nucleotide substitutions can alter structure and thereby electrophoretic mobility. Consequently, the sensitivity of SSCP depends on how mutations affect folding, and how folding affects the electrophoretic mobility of the mutant sequence. SSCP has been applied in plant virology to study molecular variability and epidemiology, and to detect mixed infections.
10) It has also been used to characterize potato spindle tuber viroid (PSTVd), 11) GYSVd-1, 12) CEVd, 13) CDVd, 14) HSVd, 15) citrus bent leaf viroid (CBLVd), 16) and PLMVd. 17) The results have indicated that SSCP might be suitable for routine analysis of variability of unknown sequences when gel and electrophoresis conditions are optimized.
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18) It has been found that the existing SSCP parameters in some cases are not sensitive enough to distinguish small differences among variants. After changing several parameters of the technique for every studied species, some point mutations were detected. To our knowledge this study is the first on the use of SSCP to identify AGVd and PBCVd variants.
Materials and Methods
Cloning of viroid variants and cDNA amplification. Total RNA from leaves of the source trees was isolated by phenol extraction and adsorption onto cellulose (CF11), as previously described. 19) Template RNAs were denatured at 95 C for 3 min and chilled on ice for 2 min. First-strand cDNA were synthesized using the corresponding antisense (AS) primer (Table 1) and Avian Myeloblastosis Virus reverse transcriptase (AMV-RT) following the manufacturer's protocol (Roche Diagnostics, Indianapolis, IN). The resulting cDNAs were then amplified by the polymerase chain reaction (PCR) and the same AS primer coupled with the corresponding sense (S) primer (Table 1) . In order to reduce PCR artefacts, Pwo DNA polymerase (Roche Diagnostics) was used. Amplifications were performed according to the following program of 30 cycles: 1 min at 94 C, 1 min at 52 C, and 1 min at 72 C, followed by a terminal extension of 10 min at 72 C. PCR products corresponding to full-length viroid cDNA were first analyzed by electrophoresis on a 1.5% agarose gel and then purified using a QiaGen kit (Qiagen, Tunisia, BioMaghreb). The purified DNA was ligated into p-GEM Ò T-easy vector (Promega, Madison, WI), and recombinant plasmids were transformed to Escherichia coli (DH5). PCR amplification for 30 cycles either directly from bacteria or from plasmids after purification was carried out using as template the cDNA cloned as described above. The DNA concentration was estimated by electrophoresis of 2 mL of product on a 1.5% agarose gel.
Asymmetric PCR was performed with the forward primer (AGVd S) at 4 pmol per 50 mL of reaction volume, and the reverse primer (AGVd AS) in excess at 40 pmol to promote the amplification of one strand.
SSCP analysis.
Approximately 50 ng of the PCR product was mixed with 40 mL of the denaturing solution (Table 2) , heated for 10 min at 100 C, and chilled on ice for 5 min. The denatured DNA was subjected to 14% non-denaturing polyacrylamide gel (acrylamide:bisacrylamide 49:1) PAGE (20 Â 20 Â 0:5 cm gels) in TBE Buffer 1Â (89 mM TrisBorate, 2 mM EDTA, pH 8.3) at a constant voltage (200 V) for 16 h. DNA bands were visualized by silver staining. 20) Some PAGE conditions were tested to improve the resolution of the existing SSCP to the six studied viroid species: electrophoresis duration (8 or 16 h); gel concentration (5%, 10%, and 14%) polyacrylamide native gel (14%), or polyacrylamide denaturing gel (14% with urea 8 M); running voltage (150 or 200 V); temperature during electrophoresis (4 C or 25 C); buffers (TAE 1Â or TBE 1Â); denaturing solution (Table 2) , and denaturation duration (10 or 20 min).
Sequence analysis. Inserts from cloned viroids DNA were then sequenced in both directions using M13 universal and reverse primers (T7 DNA Sequencing Kit, United State Biochemical, Cleveland, OH). Alignment of multiple sequences was performed with the ClustalW program, and prediction of DNA secondary structure with the MFOLD program (circular version) 21) and CLC RNA Workbench Package downloaded from the World Wide Web (version 4.4).
Results and Discussion
In this study, SSCP was used to study the molecular diversity of six viroid species infecting fruit trees (citrus, grapevine, peach, and pear). A total of 37 variants (Table 3) were subjected to SSCP analysis. Cloned viroid dsDNAs were recovered from the plasmids by PCR amplification. All the selected variants from the same species showed the same migration profile on native 5% polyacrylamide gel, even though they were of different sizes. In order to improve sensitivity and to discriminate small differences among variants, several SSCP parameters were tested.
Identification of different SSCP profiles
All the selected clones belonging to the six viroid species were subjected to different electrophoresis conditions for SSCP analysis. The number of variants analyzed and the patterns observed are presented in Table 3 . Figure 1 shows the SSCP patterns observed for all the samples subjected to 200 V at 25 C in native polyacrylamide gels (14%) for 16 h. These parameters show good separation of the two DNA strands. These results were highly reproducible from gel to gel. For HSVd, PLMVd, and AGVd, different patterns were observed, suggesting a heterogeneous population in which no dominant haplotype could be identified (Fig. 1A , D, and Ea respectively). SSCP analysis of 11 clones of GYSVd-1 revealed the existence of six different electrophoretic patterns. One SSCP profile ( Fig. 1F ) was clearly dominant. In the case of PBCVd (Fig. 1C) , electrophoresis had to be performed on 
denaturing PAGE 14% (urea 8 M) to distinguish the two strands of DNA because electrophoresis on non-denaturing PAGE showed no differences in the profiles for PB1, PB2, PB3, and PB4 (data not shown). This might indicate that these variants, even they are of different sizes, have closely related secondary structures. A constant temperature is essential for band sharpness and reproducibility of strand separation. 22) In this work, running electrophoresis at 25 C allowed the observation of perfect patterns for the majority of the viroid species, but in the case of HSVd, better results were obtained at 4 C. Two migration buffers were tested, TAE 1Â and TBE 1Â, but the most appropriate for SSCP is TBE 1Â because the running is slower than in TAE Buffer 1Â. Consequently, separation of the bands was better and sensitivity increased. Analysis of the profiles of electrophoresis indicated that prolonging denaturation from 10 to 20 min increased the resolution. Furthermore, running time (8 h and 16 h) was compared, and the most appropriate for a good separation was 16 h.
On the other hand, as denaturant can alter ssDNA mobility, 23) control of this parameter is essential to the reproducibility of SSCP analysis. In this work, we tested four different methods of DNA denaturation before electrophoresis analysis (Table 2 ). S2 13) showed a perfect separation between the two bands of dsDNA for HSVd, PBCVd, PLMVd, and GYSVd-1. For AGVd, S1 was the most appropriate. In the case of PBCVd, changing non-denaturing PAGE to denaturing PAGE (8 M Urea) provided an increased sensitivity. Extending the duration of denaturation to 20 min allowed good profile separation in the case of PLMVd. Asymmetric PCR, which promotes the amplification of only one strand, was used for the AGVd variants. The purpose was to compare the SSCP results obtained for AGVd by classical PCR and asymmetric PCR (Fig. 1E) . The results of SSCP analysis of the single strand generated by asymmetric PCR for AGVd showed different patterns from those of the dsDNA generated by classical PCR (Fig. 1Ea) .
To confirm our results, we tested the reproducibility of SSCP for each species. The same patterns were obtained 3 times for all species under the same conditions. A summary of the parameters modified for SSCP analysis in this work and the effects of these modifications on the profiles are presented in Table 4 .
Two single-strand DNAs should produce only two conformations and provide two SSCP bands. However, some electrophoretic profiles showed three or four instead of two bands. In the present study, only variants belonging to CDVd and AGVd have two bands in their profiles. As explained in a previous report, 24) it is sometimes possible to observe multiple bands for some fragments under specific electrophoretic conditions. In this work on HSVd, GYSVd-1, PBCVd, and PLMVd, the presence of more than two bands was evident. Some reports 9, 25) assume that occasionally, a single strand can be separated into two or more bands, although the sequence is the same. This suggests that strands with the same sequence may have different molecular conformations, originating in multiple bands under some electrophoretic conditions.
SSCP profiles and sequence analysis
To understand and discuss the patterns obtained, all clones selected in this study were sequenced. The sequences were published in GenBank under the accession numbers presented in Table 3 . It was found that in the case of HSVd and CDVd, no correlation existed between the number of mutations and the variation in the SSCP band patterns. 13) A comparison of sequences of CDVd among themselves showed homologies ranging from 95% to 98%. The low nucleotide diversity of this viroid indicates that this population was homogeneous, explaining the sensitivity of SSCP (Fig. 1B ) which made it difficult to distinguish molecular differences. CDVd-1 and CDVd-3 present 18 exchanges, and the same profile was obtained for the two variants. This indicates that not all observed nucleotide changes generate altered profiles, and that structural relationships should also be studied. However, a comparison of the four methods of denaturation for this viroid showed three different electrophoretic profiles (Fig. 2B) , and confirmed that denaturation with urea alone (S4) provides the best result.
The heterogeneity of the GYSVd-1 population was revealed first by sequencing, then by SSCP after testing different parameters. Analysis of eleven different se- 16) S2: 95% formamide; 10 mM NaOH; 0.25% bromophenol blue and 0.25% xylene cyanol 13) S3: 95% formamide; 10 mM NaOH; 0.25% bromophenol blue and 0.25% xylene cyanol þ urea (this study) S4: urea (this study) quence variants showed totally of eight distinct patterns, but when denaturing with S1 we observed only five distinct patterns (Fig. 1F) . The other three patterns were observed when using S4 as denaturing solution.
The four clones of HSVd showed 9.1% variability in primary sequence. Changes, including transitions, transversions, additions, and deletions and covering most variable sites in the viroid molecule were observed. 26) We also tested the ability of SSCP analysis to distinguish different clones of HSVd. The results showed that the present analysis was highly sensitive in distinguishing differences among clones. The band patterns of the four clones HSVd1 to HSVd4 (Fig. 1A) were different on the SSCP gel. Our work confirms that the electrophoretic profiles were independent of molecular weight, for example HSVd1 and HSVd3, which were of the same size, and had two different secondary structures and two different patterns. On the other hand HSVd3 contained the cachexia pathogenicity motif, 27) and showed a particular profile (Fig. 1A) . The unusual structure predicted by MFOLD shows two loops with a single mismatched nucleotide separated by a six-base-pair helical region. This is in agreement with the previous work, 16) indicating that a cachexia variant presents a specific pattern and probably a specific structure.
Identification of point mutation
Characterization of the genetic structure of viroid populations is important to understand their evolution. Mutations at some sites were particularly deleterious whereas mutations at others were of milder effect. The single U257A substitution in the PSTVd CCR confers symptoms such as severe growth stunting, flat top, and premature death. 28) Previous work 23) estimated PCR-SSCP analysis sensitivity (the probability of detecting at least one shifted strand) at more than 99% for 100 to 300 bp fragments and 89% for 400 bp. For this reason this technique appears to be suitable for viroids (246-399 nt).
After optimization of the SSCP parameters (temperature, denaturant, electrophoresis duration), three single mutations revealed by sequencing were also confirmed by SSCP through the observation of different patterns of migration for the clones harbouring these mutations. In fact, clones HSVd1 and HSVd4 differed only by one addition at position 216 (þC216), and presented two different patterns, as shown in Fig. 3A when electrophoresis was performed at 4 C. In this case the difference of ssDNA mobility is better than the patterns obtained after running electrophoresis at 25 C (Fig. 1A) . In addition, another single mutation was detected for the PBCVd7 and PBCVd8 variants, which differed by an addition in the pathogenicity domain (þA57), as confirmed by the SSCP patterns (Fig. 3C ). The addition of urea (8 M) to the gel was favorable in this case, as it allowed better separation of the single strands and electrophoresis on non-denaturing PAGE showed no clear patterns. In the case of GYSVd-1, sequencing revealed that the cari1-1 and cari1-2 variants presented only one exchange, at position 216 (C/U), patterns obtained by SSCP showed two different level of migration. This difference increased when denaturant solution S2 was used (Fig. 3D) , but when S4 was tested, the difference between cari1-1 and cari1-2 was very small.
Secondary structure
In this study, folding temperature for secondary structure prediction was set to 25 C, which corresponds to the physiological temperature at which viroids usually replicate. The predicted secondary structure of minimum free energy for all variants was a branched structure for PLMVd variants, typical for Avsunviroidae species. All the Pospiviroidae species sequences appeared to fold into rod-like structures with some small differences.
Analysis of the secondary structures of Tunisian variants of CDVd showed that the changes affecting a few nucleotides influence in a remarkable way the most stable structure. Variants CDVd-1 and 3 showed differences in 18 nucleotides, but they had a very similar migration levels (Fig. 1B) and their secondary structures are different. This observation, even if it is not useful for studying nucleotide variability, it might be helpful to get information on the effects of mutations on the secondary structure.
A Comparison of the SSCP profiles generated for each variant of PBCVd (Fig. 1C ) allowed us to conclude that variants PBCVd1, 2, 3, and 4 showed the same pattern though having three slightly different structures. Besides, variants PBCVd 5, 6, and 7 had very close levels of migration, despite difference in structure. The two other variants, PBCVd 7 and 8, exhibited different patterns of migration (Fig. 3C) . They differed by a single nucleotide exchange (þA57). This addition must have been responsible for the changes observed in the secondary structure.
SSCP analysis of PLMVd (Fig. 1D) , showed six different patterns for the seven variants. Sequence analysis showed that two variants, PLMVd5 and PLMVd6 of the same size (336 bp), differed by a single point mutation. This point mutation was not identified by SSCP, because it was found that the two variants had identical secondary structures with a very similar dG values, À154.45 Kcal/Mol for PLMVd6 and À157.05 Kcal/Mol for PLMVd5. This result means that a single exchange did not alter the secondary structure, so the same pattern was observed. In contrast, variants PLMVd3 and PLMVd4, of the same size (337 bp), gave two different profiles (Fig. 1D ). This confirms that denatured DNA does not migrate only according to its weight, but following the spatial configuration of each strand.
To highlight better the sensitivity of the technique for all viroid species studied, the GYSVd-1 clones were subjected to a comparison of secondary structures with their profiles and electrophoretic mobility. The different variants showed that the change of one nucleotide can change the spatial conformation, which can alter the mobility of a strand on a polyacrylamide gel (14%). The secondary structures of cari1-1 and cari1-2 were different, with the addition of hairpins structures in the central domain (Fig. 3C ), but their sequences were different by only one mutation (C-U, 216). Despite this change in spatial conformation, SSCP analysis provided two different patterns, especially when certain parameters were optimized (Fig. 3D) .
After prediction of the secondary structures of the variants studied, we noted that when the number of possible secondary structures predicted by MFOLD was high, the pattern obtained by SSCP analysis presented more than two bands. This was equally observed in the case of HSVd that have more than 10 possible secondary structures. Also, our results indicate that in most cases, similar patterns obtained after SSCP analysis presented similar secondary structures. However, no perfect correlation between patterns and structure was obtained. SSCP profiles are the result of linear cDNA viroid molecules, while the secondary structure is related to circular RNA molecules.
All the results obtained in this study highlight the sensitivity of SSCP analysis in studying the sequence variability of viroids when certain parameters are optimized. Point mutations for PLMVd, HSVd, PBCVd, and GYSVd-1 were identified by SSCP and confirmed by analysis of primary structure. Prediction of secondary structure was achieved to make correlations and to understand the patterns obtained.
Compared to other methods, for instance Denaturing Gradient Gel Electrophoresis (DGGE), Temperature Gradient Gel Electrophoresis (TGGE), and Chemical and Ribonuclease Cleavage, SSCP has several advantages. It does not require specific equipment, and it is technically simpler, faster, and cheaper. It can be used in most laboratories. Thus SSCP analysis is the technique of choice when screening for point mutations and minor deletions within a given fragment. 29) Nevertheless, it is necessary to optimize, in each case some parameters of electrophoresis. In the case of GYSVd-1, by changing the denaturation protocol we were able to discriminate two variants with one transition (Fig. 3D and E) .
Our data indicate that SSCP and asymmetric PCR-SSCP are appropriate tools for evaluating genetic C for 16 h. E, Secondary structure of GYSVd-1 Cari1.1 and Cari1.2 predicted with mfold. The most stable secondary structure was selected with the lowest dG value. variability. Our work further confirms a previous report that the resulting SSCP pattern was highly reproducible when conditions were held constant. 30) This was true for all the species studied here. In addition, no modification of SSCP profiles was observed after two rounds of PCR for any of the clones analyzed. The best results for the majority of products were obtained under the following conditions: i) acrylamide concentration of 14%, ii) ratio of acrylamide to N,N 0 -methylenebisacrylamide of 49:1, iii) without glycerol, iv) migration temperature at 25 C, and v) electrophoresis at 200 W plate (120 Â 250 Â 5 mm) for 16 h. Our data confirm that the sensitivity of PCR-SSCP is high because a single base change can radically alter the migration of the nucleic acid. However, the success of any particular SSCP experiment depends on optimization of conditions to maximize differential migration among fragments. This is of particular importance when analyzing viral quasi-species, as the number of bands expected cannot be determined beforehand. Finally, this is the first report on the use of SSCP to study natural molecular variability in AGVd and PBCVd.
